Summary. This study investigates whether rheology can be exploited to eliminate the need for zone isolation during gel placement. Eight different rheological models were used to represent the properties of existing non-Newtonian gelling agents. Gel placement was examined in linear and radial parallel corefloods and in fractured and unfractured injection wells. The analysis indicates that, compared with water-like gelling agents, existing non-Newtonian gelling agents will not reduce the need for zone isolation during gel placement in radial-flow systems.
Introduction
Near-wellbore gel treatments in injection wells are intended to block fractures or high-permeability zones so that fluids injected after the gel treatment are more likely to enter and displace oil from other strata.
In most cases, when gelling agents are injected to alter flow profiles in a well, zones are not isolated and the chemicals have access to all open intervals. Of course, much of the gelant formulation will enter fractures and/or high-permeability streaks. Some of this fluid, however, can enter and damage less-permeable, hydrocarbonbearing strata. Recent investigations'-3 focused on how flow profiles are modified by unrestricted injection of Newtonian gelling agents. These studies indicate that zone isolation is much more likely to be needed during gel placement in unfractured wells than in fractured wells. Productive zones in unfractured wells can be seriously damaged if zones are not isolated during gel placement.
These studies do not suggest that zone isolation is a cure-all during gel treatments. Clearly, mechanical isolation of zones is not feasible in many (perhaps most) cases. Also, zone isolation is of little benefit if extensive crossflow can occur between layers or if flow behind pipe can occur. Rather, our analyses are intended to aid in assessing how and where gel treatments are best applied.
The fundamental question addressed in this paper asks whether gelling-agent rheology can be exploited to eliminate the need for zone isolation during gel placement.
Numerical methods are used to examine how flow profiles are modified with non-Newtonian gelling agents. First, rheological models are summarized for flow of existing polymeric fluids in porous media. Then, these models are applied to calculate the degree of penetration during unrestricted injection of gelling agent into various two-layer systems. These systems include linear and radial parallel corefloods and fractured and unfractured injection wells. In this paper, the terms "gelling agent" and "gelant" refer to the liquid formulation before gelation.
where Z=consistency index from viscosity-vs.-shear-rate data and pW =water viscosity. Fig. 1 illustrates the rheology predicted by the power-law model for low and high polymer concentrations in 100-and 1 ,ooO.md rock. The plots are based on the power-law portion of experimental data for 200-and 2,400-ppm xanthan solutions reported by Chauveteaulo and Chauveteau and Zaitoun. 11 Two points in Fig. 1 should be noted. First, for each polymer concentration, the 100-md curve may be obtained by simply shifting the 1 ,OOO-md curve to the left by a factor of , / -.
This feature is common to six of the eight rheological models described in this section. (The two exceptions are the Willhite empirical power-law model and the Chauveteau depletion-layer model.) The second important observation is that the power-law model is not applicable at high fluid velocities because it predicts resistance factors less than unity. Resistance factors of aqueous solutions of polymers and gelants should be greater than unity. Power-law predictions can also be incorrect at very low fluid velocities. Fig. 2 shows curves generated with the Carreau model. These plots are based on viscosity data reported by Chauveteaulo and Chauveteau and Zaitoun11 for 200-and 2,400-ppm xanthan solutions. An important advantage of the Carreau model is that it avoids prediction of unrealistically low resistance factors at high fluid velocities. This feature is essential when predicting flow behavior in the vicinity of the wellbore in unfractured wells.
Chauveteau Depletion-Layer Model. Refs. 10 and 11 contend that steric hindrances cause fluid very near a solid surface to have a polymer concentration lower than that in a bulk solution. The low viscosity of this "depleted layer" reportedly can cause the apparent viscosity in porous media to appear to have a lower value than viscosity measured in a viscometer. To quantify this effect, Ffl in Eq. 4 Here, hdl is the thickness of the depletion layer, to which Chauveteau assigned a value of 0.3 pm. The value 1.77 represents the apparent relative viscosity in the depleted layer. The apparent relative viscosity of fluid flowing in the center of a pore, prb, is assumed to be equal to the zero-shear-rate relative viscosity, Fro. To be consistent with Refs. 10 and 11, the pore-throat radius, r,, in consolidated porous media was estimated by Cannella Model. Cannella er al. 9 determined and correlated rheology for xanthan solutions in porous media (carbonates and sandstones with and without the presence of a residual oil saturation) over a wide range of conditions. Contrary to Refs. 10 and 11, they did not observe a strong influence of permeability on the powerlaw exponent, n, for xanthan solutions in porous media. Cannella et al. found the permeability dependence of xanthan rheology to be described quite well by
......... Fig. 4 In EQ. 9, n and X are empirical functions of permeability and can be found in Ref. f4 for flow of 500-, 1,000-, and 1,500-ppm xanthan solutions through sandstones. The permeability dependence of the power-law exponent is weak, however, it is enough to skew the rheological curves (see Fig. 5 of Ref. 4) . Like the Cannella model, the Willhite model is based on rheology in porous media that was observed over a wide range of velocity and permeability. In Willhite and Uhl's14 experiments, superficial velocities ranged from 0.02 to 23 ft/D and permeabdities ranged from 15.5 to 848 md. However, because the Willhite model is a power-law model, it predicts resistance factors that are less than unity at the high fluid velocities that commonly occur near a wellbore. To overcome this limitation, the Willhite model has been adapted to radial flow. * Heemskerk Dual-Power-Law Model. The models discussed to this point were developed to describe the rheology of shear-thinning solutions (notably xanthan solutions) in porous media. Solutions of synthetic polymers [notably partially hydrolyzed polyacrylamides (HPAM)] can exhibit both shear-thinning and shear-thickening behavior in porous media, depending on the fluid composition and velocity. Heemskerk et al. 16 used a dual-power-law model to describe the rheology of solutions that contain 1,000 ppm HPAM. The equations used in the model are identical to Eqs. 1 and 2 except that different sets of c1 and n values are used to yield Newtonian or shear-thinning rheology below the critical Deborah number, Nh, and to account for shear-thickening rheology above ND,. . (10) Nh is typically valued at unity, and it demarcates where elastic forces begin to dominate over viscous forces. A? =characteristic relaxation time of the fluid and €=fluid strain rate. The average grain diameter, dp, is given by dp = 
The Cannella model is illustrated in

. (14)
Here, c3 is a constant related (in theory) to the number of statistical segments in a polymer chain. Fig. 5 illustrates the rheology predicted for a 50-ppm PAM solution.
The above discussion presents five models for describing the behavior of biopolymer solutions and three models characterizing synthetic polymer solutions. Clearly, not all the models can always be correct. Each model will have a range of conditions under which its application will be appropriate. For completeness, all the models are examined in the following analysis. While the models are based on experimental data, the reader should recognize that the performance of a given type of polymer will depend on a number of factors, including molecular weight, concentration, salinity, and temperature.
Flow Systems and Numerlcal Treatment
Flow Systems Considered. Each rheological model was examined numerically using five two-layer systems. These systems included (1) parallel linear corefloods, (2) parallel radial corefloods, (3) an unfractured injection well with ApD1 =Apm =2 (corresponding to a case where Layer 1 is watered-out and Layer 2 contains a light oil such that the water/oil mobility ratio is unity), (4) an unfractured injection well with A~D~ =2 and ApD2 =50 (corresponding to a case where Layer 1 is watered-out and Layer 2 contains a viscous oil such that the water/oil mobility ratio is about 40), and (5) a vertically fractured injection well with 4 0 1 =Apm = 10. (%D is explained in Refs. 1 and 4.) In each system, the permeabillty of Layer 1 was 1,OOO md, while the permeability of Layer 2 was 100 md. Porosity was 0.2 in all layers. Crossflow between layers was not allowed. In each flow system, the aqueous gelant was injected simultaneously into the two layers through a shared injector, and fluids were produced through a shared producer. Displacement of water by the gelant was assumed to be piston-like, fluids were incompressible, dispersion and chemical retention were neglected, and flow was horizontal. Pressure drop was maintained constant between the injector and the producer. In the corefloods, no mobile oil was present. In the unfractured wells, no mobile oil existed within a radius of 50 ft from the injector. Similarly, in the vertically fractured injector, no mobile oil existed within 50 ft from the fracture face.
Degree of Penetration. The degree of penetration, LP2!Lpl or (rp 2 -rw)/(tpl -t , ) , indicates the fractional distance or ra&us mat the gelant penetrates into Layer 2 when the gelant reaches a predetermined distance, L p l , or radius, rplr in Layer 1. In the corefloods, the gelant was allowed to reach the outlet of the most SPE Reservoir Engineering, May 1991 permeable core. The core length for the linear corefloods was 1 ft (so Lpl = 1 ft). For the parallel radial corefloods, the inner core radius, r,, was 0.5 ft, while the outer core radius was 50 ft (so To date, most gel treatments have used small volumes of gelant formulation. Typically, the gelant penetrates only 50 to 100 ft into the most permeable rock matrix. Therefore, in the unfractured injection wells, the gelant was allowed to penetrate to a radius of 50 ft from the wellbore in Layer 1, so again, rpl =50 ft and t,=0.5 ft. In the vertically fractured well, the gelant penetrated linearly 50 ft from the fracture face in Layer 1, so Lpl =50 ft.
Numerical Procedures. For each combination of flow system and rheological model, numerical methods were used to calculate the degree of penetration, fluid velocity, and resistance factor in both layers as a function of volume of gelant injected. A modified Euler method combined with the Secant methodB was used to determine the degree of penetration for a given system. With Newtonian fluids with resistance factors ranging from 1 to 1 $00, results from the numerical calculations were found to agree well with analytical solutions for each of the five flow systems. Tests of gridblock and timestep sizes were performed to confirm that the numerical results were insensitive to these variables under the conditions examined.
Results
Parallel Linear Corefloods. Table 1 summarizes the degree-ofpenetration calculations for parallel linear corefloods. The Newto-nian fluids set the standard for comparison. A Newtonian fluid with F, = 1 generally provides the lowest degree of penetration into the less permeable core, yielding a value of 0.1 for the 100/1,OOO-md parallel corefloods. In contrast, the degree of penetration is 0.316 for displacement of water with the Newtonian fluid with F,=l,OOO. This 0.316 value is near the theoretical limit of (k#1)% for injection of a Newtonian fluid with an infdte viscosity (see Eq. 1 
of Ref. 1).
The degree of penetration is independent of pressure gradient for Newtonian fluids. However, the behavior of non-Newtonian fluids can be very dependent on-the applied pressure drop. Table 1 illustrates this for pressure drops between 1 and 1, OOO psi.
Much of the behavior of the various fluids can be rationalized by following a simple rule: the more viscous the gelant, the greater the degree of penetration into the less permeable layer.
Note in Table 1 Tables 1 through 3 denote situations where resistance factors were less than unity during part or all of the flood. In several cases, these entries appear to indicate that the polymeric fluid provided a lesser degree of penetration than the water-like fluid (Fr= 1). However, the starred entries are not meaningful, for two reasons. First, no known aqueous fluid exhibits a resistance factor less than unity in porous media. The power-law models' predictions of resistance factors less than unity simply represent a deficiency in the models. Second, if the resistance factors were truly less than unity, then viscous fmgering would play an important role in determining the degree of penetration. Because viscous fingering was not incorporated into the calculations, the predictions are not valid for the starred entries.
Except for the starred entries, only two entries in Table 1 are less than the value associated with a water-like fluid. One entry is for the power-law model for a 2,400-ppm xanthan solution during injection with a 100-psi pressure drop. This entry is only 2% less than that for a water-like fluid. To understand why this entry is < 0.1, refer to Fig. 1 . For 100 psi/ft, the fluid velocity averages around 600 ft/D in the 1 $00-md core, so the resistance factor is very close to unity (actually ranging from 1.04 to 1.12 during the flood). In the 100-md core, however, the velocity averages around 6Q ft/D and the resistance factor averages about 2.3. The higher resistance factor in the 100-md core is enough to maintain the degree of penetration slightly below 0.1. Note, however, that the degree of penetration is significantly greater than 0.1 for pressure drops of 1 and 10 psi, where lower fluid velocities and much higher resistance factors occur in both cores. The other value < 0.1 in Table 1 is associated with the HirasakiPope model for the HPAM with M=26 million during injection at 1 psi/ft. This entry is 13% less than that for a water-like fluid.
To understand this value, refer to Fig. 4 . For 1 psi/ft, the fluid velocity in the 100-md core averages 0.2 ft/D and the average resistance factor is 43. In contrast, the average velocity in the 1 ,OOOmd core is 2.6 ft/D, yielding an average resistance factor of five. The degree of penetration of 0.087 results because the resistance factor in the 100-md core is more than eight times that in the 1 ,OOOmd core. Note that for higher pressure drops, high degrees of penetration are observed in the 100-md core. Thus, non-Newtonian rheology can be exploited to reduce the degree of penetration, but only under a very limited set of conditions.
Careful consideration of Figs. 1 through 5 reveals that alteration of the permeability dependence of fluid rheology could influence the degree of penetration. In seven of the eight models, the apparent shear rate in porous media has been modeled as being proportional to permeability to the -0.5 power.*-11716-19 For shearthinning fluids, the degree of penetration into low-permeability zones would be reduced if the permeability exponent was > -0.5. For shear-thickening fluids, the degree of penetration would be reduced if the permeability exponent was < -0.5. Of course, altering the permeability dependence of fluid rheology could be difficult.
Use of Flow Ratios To Assess Selective Placement. Chang et al. *l considered flow ratios in parallel bundles of capillary tubes. Flow ratio was defined as the flow rate in one bundle of capillaries (or porous medium) divided by the flow rate in a parallel bundle of capillaries. Both capillary bundles were the same length, were completely filled with the same fluid, and were exposed to the same pressure drop under steady-state conditions. Chang et al. noted that for shear-thinning fluids, a greater fraction of the fluid flowed through the more permeable bundle than would be expected from the permeability ratio for the two bundles. In other words, one capillary bundle might be 10 times more permeable than another, thus allowing the flow ratio for water to be 10 : 1. During steady-state injection of a power-law fluid that had a power-law exponent of 0.5, however, the flow ratio would be 32: 1. This led Chang et al. to conclude that shear-thinning xanthan solutions would be more selective than water in preferentially entering high-permeability zones during gel placement without zone isolation.
Chang et al. 's argument would be valid if all layers in a reservoir were filled completely with only xanthan solution. During gel placement in reservoirs, however, gelants displace reservoir fluids (primarily water for injection-well treatments). In that case, the above conclusion is usually incorrect, as the results in Tables 1  through 3 demonstrate. A detailed analysis of injection profiles from a field project21 confirms this.22 Table 2 lists flow ratios (flow rate in the 100-md core relative to that in the 1,OOO-md core) for parallel cores completely filled with a single fluid. Each flow ratio in Table 2 can be compared with the corresponding degree of penetration from a displacement study in Table 1 . Many of the listings in Table 2 are dramatically lower than the corresponding listings in Table 1 . Thus, flow ratios from parallel cores completely filed with a single fluid should not be used to assess the selectivity of a gelant.
Parallel Radial Corefloods. Table 3 summarizes the degree-ofpenetration calculations for parallel radial corefloods. For a given rheological model, the degree of penetration in parallel radial corefloods is generally significantly greater than that in parallel linear corefloods. This observation was reported earlier for Newtonian fluids. 1 In Table 3 , the starred entries are associated with power-law fluids in which resistance factors were less than unity. For the reasons mentioned earlier, these values should be viewed with caution.
Except for three of the starred values, no entry in Table 3 lists a degree of penetration that is less than that for a water-like fluid (F,=l). Most values are 0.309 to 0.400. Note that the variation of values for degree of penetration is much less for the radial systems than for the linear systems. This difference occurs primarily because the degree of penetration in radial flow is proportional to the square root of the volume of injected fluid. If an effect changes the volume of injected fluid in a zone by a certain factor, then the degree of penetration will be changed by roughly the square root of that factor. The degree of penetration is more sensitive in linear flow because it varies linearly with the volume of fluid injected. A secondary factor is that the wide range of velocities experienced in radial flow mitigates the impact of abrupt rheological changes.
Fractured and Unfractured Injection Wells.
Results for injection wells (both fractured and unfractured) are listed in Tables 3A,  3B , and 4 of Ref. 4 . Examination of these tables reveals that none of the models predict a degree of penetration in the less permeable layer that is less than the value provided by a water-like fluid (except some cases where F, < 1). The results for the unfractured wells closely follow the trends exhibited during the radial corefloods (Table 3) . Similarly, the behavior observed for the vertically fractured well follows that noted for the linear corefloods (Table 1) .
A previous study' found that the need for zone isolation during gel placement in unfractured wells is much greater than in fractured wells. Because this conclusion was based on injection of a water-lie gelant (F, = 1) and because a water-like gelant generally will provide the least degree of penetration into less permeable zones, this conclusion is also valid for gelants having the rheological properties discussed above.
For the displacement calculations described above, the gelant penetrated a fixed distance (50 ft) into the 1 ,OOO-md layer. Similar calculations have been performed in which the depth of penetration in the 1 ,OOO-md layer, rp 1, was varied. These calculations reveal that the degree of penetration of gelant in the 100-md layer, (rp2 -rw)/(rp -rw), is insensitive to rp for rp values between 25 and 400 ft.
Other Permeability Ratios. Although this work focused on systems with a 10: 1 permeability ratio, the trends and conclusions are applicable to other permeability ratios. Fig. 6 shows depth-ofpenetration calculations as a function of permeability ratio for two Newtonian fluids (F, = 1 and F, = 100) and for two non-Newtonian fluids. The two non-Newtonian fluids include the 2,400-ppm xanthan solution from the Carreau model (Fig. 2) and the 1 ,OOO-ppm HPAM (M=26 million) solution from the Heemskerk model (Fig.   3 ). In generating Fig. 6 , the pressure drop between the injector and the producer was 500 psi and k2 was 100 md. When kl is fixed at 1 ,OOO md, a plot is generated that is virtually the same as Fig.  6 . Note that for a given permeability ratio, the three viscous fluids penetrate to a greater depth in the less permeable layer than the water-like fluid.
Other Rheoiogicai Considerations
A permeability dependence beyond that described in Figs. 1 h u g h 5 has been reported for resistance factors of aqueous polymer solutions. 23924 As permeability decreases, resistance factors and residual resistance factors can increase dramatically. This increase can be attributed to constriction of flow paths by retained polymer. 25 An increase in resistance factor and chemical retention with decreasing permeability will decrease the depth of penetration of gelants into less permeable rock. However, a large decrease in permeability often accompanies these effects.23324 Analyses conducted with the available experimental data suggest that these phenomena usually will not improve the effectiveness of gel treatments. 194922926 In the above analyses, the rheology during the process of gel placement was assumed to be that of polymer solutions without any crosslinker. Is this assumption valid? The answer depends on how early in the gelation process the gelants are injected. For at least two gelants (resorcinol/formaldehyde and Cr3+ Ixanthan), the rheology in porous media can be unaffected by the crosslinker for a large fraction of the time before gelation.22326 Thus, the assumption can be valid if the gel-placement process is completed before the gelation reaction proceeds too far.
If injection is still occurring at the time that gel aggregates approach the sue of pore throats, then significant changes in rheology may be observed.27328 Whether these changes are beneficial or harmful remains to be established. If they impair gel placement, flow of gel aggregates could be avoided by controlling gelation times, injection rates, and shut-in times. On the other hand, if flow of gel aggregates is beneficial, then gelation times and injection rates could be manipulated for a positive effect.
During brine injection after gelation, residual resistance factors (brine mobility before gel placement divided by brine mobility after gel placement) may depend on injection rates.22926 In particular, an apparent shear-thinning behavior has been observed. For resorcinollformaldehyde and Cr3+ /xanthan gels, analysis of experimental results indicah that this apparent shear-thinning behavior will not eliminate the need for zone isolation during gel placement in unfractured injection wells. The search continues for gel systems and properties that can be exploited to optimize gel placement.
Conclusions
1. Except in rare cases, non-Newtonian rheology of existing polymeric gelants will not reduce the degree of penetration into low-
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permeability zones below the value that is achievable with waterl i e gelants (i.e., where F,=l).
2. Compared with water-lie gelants, currently available nonNewtonian gelants (e.g., those containing xanthan or HPAM) will not reduce the need for zone isolation during gel placement in radialflow systems.
3. Steady-state flow ratios from parallel cores underestimate the ability of gelants to penetrate into low-permeability strata. Nomenclature c1 = constant in Eq. 2 c2 = constant in Eq. 5 c3 = constant in Eq. 14 dp = average grain diameter (see Eq. ll), ft [m] F, = resistance factor (water mobility divided by mobility Fd = resistance factor given by Eq. 
